Wind power generation has indicated an exponential increase during last two decades and existing transmission network infrastructure is increasingly becoming inadequate to transmit remotely generated wind power to load centres in the network. The dynamic line rating (DLR) is one of the viable solutions to improve the transmission line ampacity during high wind penetration without investing on an additional transmission network. The main objective of this study is to identify the basic differences between two main line rating standards, since transmission network service providers (TNSPs) heavily depend on these two standards when developing their line rating models. Therefore, a parameter level comparison between two line rating models is a timely requirement, in particular for high wind conditions. Study has shown that roughness factor causes a significant difference between both standards. In particular, the IEEE model indicates more conservative approach due to this parameter. In addition, solar heat-gain calculation has also resulted in significant difference in ampacity ratings between two standards. A case study was developed considering a wind rich network and it has shown that by implementing DLR in wind rich regions, it can effectively reduce line overloading incidents and accommodate wind power flows in the network without any curtailment. Moreover, ability of DLR to reduce network energy losses is also demonstrated and emphasised the importance of selecting suitable DLR candidates to minimise energy losses in the network. © 2013 Elsevier Ltd. All rights reserved. 
Introduction
Ampacity is used to describe the maximum current carrying capacity of an overhead transmission line which is directly related to the temperature of the conductor. Ampacity is usually calculated considering static weather conditions, which utilises worst case weather parameters in order to determine the maximum current the conductor can handle without exceeding the temperature limits. The consequences of exceeding this temperature limit can be detrimental as the conductor can sag enough to cause an arc fault to earth, or become permanently deformed and require replacement. Therefore, static line ratings (SLRs) have been designed in such a way to conservatively rate the conductors to minimise the possibility of these faults. The dynamic line ratings (DLRs) have been determined considering the real time weather data and now being received immense attention from power industry with the increased wind penetration in power networks.
Two major standards (i.e. IEEE and CIGRE) are being used for SLR and DLR to determine the conductor ampacity [1] - [2] . Both standards incorporate the convection cooling, the radiated cooling, the solar heating and the conductor electrical resistance (i.e. Joule heating) to accurately calculate the ampacity of the line, and conversely, the temperature of a line at a specified current. Transmission network service providers (TNSPs) have also designed thermal rating standards, which have branched specifically from the CIGRE and the IEEE standards.
However, very limited number of studies have analysed the difference between these two standards considering individual parameters [3] [4] . In particular, two standards have been analysed considering measured data without investigating the parameters influencing the line rating [4] . However, differences between the two standards, in terms of individual parameters have not been taken place. Moreover, a limited number of studies are performed at high wind speeds which may have a considerable effect on line rating when significant wind penetration present in a power network.
Wind turbines are installed in remote regions in power network and it has been emphasised that transmission corridors become congested due to increased penetration levels of renewable energy generators [5] . In number of studies transmission congestion has been identified as the major curtailing factor for wind power generation [6] [7] and requires considerable time and investment to develop a new transmission network. The convection cooling of the conductors will be at its highest during times of high wind generation assuming high wind speeds experienced at transmission lines, hence wind cooling effect can be effectively utilised without implementing expensive transmission network upgrade. Weather deterministic ampacity ratings (i.e. DLR) utilise weather data obtained from weather stations located in the vicinity of the overhead line.
Typically, wind direction, wind speed, ambient temperature, conductor temperature and solar ambience are taken and sent to a control centre for further analysis. From these values, the real time ampacity ratings based on conductor temperature are determined, and the power to be sent down the line can be controlled and maintained at the most effective level.
The main issue with the DLR is quality of data [8] [9] . The wind attack angle and the wind speed affecting a transmission line is not always a constant for long distance lines, hence current methods for calculation the DLR become unsuitable [8, 10] . This can cause large variance between the ampacity ratings for a line at various positions [11] . In another study, real time measurements are taken from four locations along a transmission line and they were reasonably similar [12] , which indicate that one set of data may accurately represent the entire line. Based on preliminary judgement, the vastness of the transmission network to be analysed will greatly depends on the suitability of the weather deterministic model, and the extent to which data is collected. In [13] , authors have developed a statistical model using measured data in a transmission line and demonstrated the potential of DLR in a wind rich power network. The conductor sag based dynamic line rating models have also been investigated in the published literature [14] [15] . Furthermore, potential of DLR to reduce system losses have also been demonstrated in [16] , assuming all transmission lines have DLR capability.
The main objective of this study is to illustrate the parameters which cause major differences between the two line rating standards and to illustrate the potential of utilising the dynamic line rating (DLR) in wind rich power networks to reduce network energy losses. A parameter level comparison is a timely requirement, since it will enable utilities to identify and tune the existing line rating models suit to their network. In addition, DLR can be implemented in wide-scale in a smart transmission system; hence network losses can be effectively reduced while coordinating the power flows in the network. This paper is organised as follows: The basic parameter level differences between two line rating models are discussed in Section 2. A comparison between two models considering various parameters is presented in Section 3. A sensitivity analysis between various parameters of the IEEE model is presented in Section 4. A case study based on the New England-39 bus system to illustrate the benefits of the DLR is presented in Section 5.
The conclusions of the study is summarised in Section 6.
The IEEE and the CIGRE Dynamic Line Rating Models
A number of physical factors of the conductor and of the surrounding environment affect the total ampacity of a conductor. These are conductor material properties, conductor diameter, conductor surface conditions, and ambient weather conditions [5] . The SLR of a current carrying conductor is based on a worst case set of criteria, including limited wind speed and maximum conductor temperature (due to current flow) [17] . These worst case values are used to ensure that there is a significant room in the event of substantially different weather conditions and conductor parameters. The IEEE [1] and the CIGRE [2] standards are the two major frequently used industry standards to determine the maximum current capacity of overhead transmission lines. Each standard is based on a fundamental heat balance equation. However, there exist some differences when determining various contributing factors to the final ampacity rating of the conductor. Equations (1) and (2) depict the basic heat balance formulas specified by the IEEE and the CIGRE standards respectively.
c , P r , P S , P J , P w , P M and Pi denote convection heat loss, radiated heat loss, solar heat gain, conductor joule heating, evaporative cooling, magnetic heating and corona heating respectively.
The CIGRE standard incorporates additional parameters to that of the IEEE standard, which include corona heating (P i ), magnetic heating (P M ) and evaporative cooling (P w ). Minimal references can be found on the effects of these parameters; however it is stated in [3] that only a very small fraction of corona heating is passed into the conductor. Although the CIGRE standard mentioned evaporative cooling, it does not outline any method for its calculation [2] . Therefore, in this study, same general heat balance equation has been used for both the IEEE and the CIGRE standards. Eqn. (1) can be rearranged in order to determine the ampacity (I) as shown in
Therefore, fundamental components will be used to make a comparison between the two standards. In following subsections a comparison between the IEEE and the CIGRE calculation methods for convection heat loss, solar heat gain and radiated solar heat loss are discussed and thus for brevity the formulas for calculating each of the components is not presented in this paper.
Convection Cooling
Convection heat loss is concerned with the removal of heat due to the presence of wind surrounding the conductor. The IEEE standard utilises two formulas to determine the convention cooling effect; one for low wind speeds and another for high wind speeds. However, irrespective of the wind speed the largest value from two formulas is selected for ampacity calculation. The CIGRE equivalent of these equations is slightly different, however based on the same fundamental physical laws. The CIGRE standard defines a Nusselt number (Nu) which is defined as the ratio of convective and conductive heat transfer at the boundary for the conductor. The constants (i.e. B1, n) which determines the Nu, is based on the Reynolds number and the surface roughness (R f ) of the conductor. The CIGRE model factors in the surface roughness of the conductor, which further increases the forced convection effect on the conductor. In light of this point, the IEEE standard can be considered as the more conservative method for convection cooling calculation. Neither the IEEE nor CIGRE standard takes into account the dynamic nature of wind speed with regard to pressure differentials and height variations. In most cases, the weather data is obtained at a different height to that of the transmission line, which could mean a slight variation in the true wind speed acting on the line.
This could be considered a means of factoring in safety in the ampacity calculations.
Furthermore, both standards have given formulas for the natural convective cooling and it will not be considered in this study, since this study focuses on wind speeds above 0 m/s.
Solar Heat Gain
The solar heat gain determines the effect on conductor temperature due to solar irradiation.
Both standards outline similar approach in determining the solar heat gain by a conductor; however, the IEEE method utilises certain correction factors based on conductor elevation from the sea level. In both methods the global solar radiation (S) for a particular location is taken into account, and as stipulated in both standards, it can be easily determined by using a measuring apparatus.
Therefore, CIGRE standard dictates another complex method for solar heat gain calculation.
This formula primarily determines the direct solar radiation (ID) and diffuse solar radiation (Id), while incorporating solar altitude (Hs) and angle of the solar beam (η) [2] . This standard also incorporates an albedo factor (F), which is the reflectance of the solar intensity off the ground. This is one of the differences compared to the IEEE standard, and for the purpose of the analysis this was kept at 0.2 to resemble soil, grass or crops.
For the purpose of the initial comparison between the two standards, standard formula in CIGRE would not be suitable as the global solar radiation (S) values are not known. Therefore, the complex method for determining solar heating is used. For both standards the global solar radiation is calculated based on time of day, day of year, latitude of conductor and the solar azimuth of the conductor. Conversely, the IEEE standard outlines a step by step procedure to first determine the global solar radiation (S) which is then applied to standard formula in the IEEE standard to determine the solar heat gain.
Radiated Cooling
For both the IEEE and the CIGRE standards, the radiated heat loss is considered to be a small contributor to the overall heat balance equation. Fundamentally both standards calculate the radiated cooling effect in the same manner. However, the CIGRE formula has an additional component known as Stephan-Boltzmann (σ B ) constant. However, both formulas provide the same radiated heat loss for given conditions.
Conductor Joule Heating
The Joule heating of a conductor is due to heat generated when current passes through the conductor. Both the IEEE and the CIGRE standards determine the resistance of the line using linear interpolation, based on DC resistance values at 20°C for the CIGRE, and 25°C and 75°C for the IEEE. The main difference between the Joule heating calculations is that CIGRE provides a conversion method between the DC and the AC resistance, which is not prevalent in the IEEE standard.
Comparison of IEEE and CGRE Models
A comparative analysis was carried out between the IEEE and the CIGRE standards in order to determine which parameters cause the difference between two standards. As discussed in the previous section the convection cooling and solar heat gain are the two main calculations which may give rise to difference between the two standards. Therefore, discussion of this section is limited only to parameters which cause significant difference between two standards. It is assumed that conductor is aluminium conductor steel-reinforced (ACSR) type and all the test parameters for the base case condition are given in the Appendix A. Furthermore, it is assumed that sky conditions are clear for solar heat gain calculations.
Comparison of Convection Cooling Effect
Variation of the ampacity with the wind speed was analysed by considering the convection cooling, hence all the other factors remained unchanged for both standards. [18] . This is an unrealistic assumption to be made for the purpose of this study considering a vast majority of wind generators have a 'cut-in' speed of 4 m/s. It is assumed that the DLR is implemented to a power network with significant wind penetration; hence it must be validated against a wider spectrum of wind speeds.
The ampacity between two standards tend to vary considerably as the wind speed increases, with a maximum difference between the two curves reaching as high as 459.5 A when a wind speed of 15 m/s was used. The ampacity at low wind speeds for the two standards is relatively consistent; however from 3.5 m/s the deviations begin to increase dramatically. The reason for this is related to the roughness factor (Rf) of the conductor. In Figure 1 , the roughness factor was 0.08, which assigns values of 0.178 and 0.633 for coefficients B 1 and n respectively when determining the scaled Nusselt Number (N u ) in the CIGRE standard [2] . Figure 2 depicts the ampacity variation using a roughness factor of 0.04.
As shown in Figure 2 , the similarities between the calculated ampacity values are far greater, with a maximum difference between the two ampacity standards reaching 79 A. In comparison to the previous test, the maximum difference occurred at lower wind speeds, while the difference has decreased at higher wind speeds. The average difference was found to be 38.56 A, which is considerably lower to that calculated with a higher roughness factor. Therefore, the roughness factor utilised in the CIGRE standard was set to 0.04, to make a comparative analysis between other influencing factors on ampacity. The other differences between the two standards can be attributed to the solar heating and the resistance calculation of the conductor. 
Ampacity and Wind Attack Angle
The wind attack angle has been changed over a range for both standards and analysed the variation of ampacity while maintaining the other test conditions constant. Figure 3 depicts the effect of the wind attack angle on the conductor with respect to ampacity rating.
The ampacity values for both standards depict almost same variation, with an average difference in ampacity between the standards are 22.48 A, 37.79 A and 17.92 A at 0.5 m/s, 4 m/s and 8 m/s respectively. At higher wind attack angles, the difference in the total ampacity rating has showed a significant decrease when compared to lower wind speeds. This is related to the angle constant multiplier which was similar between the two standards from 0 to 52 , however, IEEE values decrease significantly beyond this range. In the CIGRE standard, the effect of the angle of the wind is purely conditional based on whether it is greater than or less than 24 , conversely in the IEEE standard constant multiplier continually change based on the wind attack angle.
Effect of Transmission Line Diameter on Ampacity
A typical range of cable sizes was sourced from a transmission line manufacture in order to determine the maximum and minimum typical transmission line diameter values [19] . Figure 4 depicts the effect of variation of diameter on ampacity under different wind speeds.
An increase in cable diameter depicts an overall increase in the ampacity of the line. In both standards, convection cooling, radiation cooling and the overall power losses are directly related to the cable diameter. The average difference between the two standards was reasonably low, However, these differences can be considered as insignificant in comparison to the total current carrying capacity of the conductor.
Effect of Ambient Temperature on Ampacity
As shown in Figure 5 , the overall effect of ambient temperature is the same for all three wind speed categories, with each showing a lower ampacity rating as the ambient temperature increases.
At a higher wind speed, the effect of the ambient temperature was greater, and has shown a respectively. For both standards, the ambient temperature has a considerable effect on the convection cooling, as the difference between the ambient and conductor temperatures is a multiplier factor in the Nusselt number calculation. The ambient temperature also directly affects the radiated heat loss. Heat will transfer from areas with high heat to low heat, hence lower ambient temperature result in a higher radiated cooling.
The Variation in Solar Heating Calculation
A comparison between the IEEE and the CIGRE solar heat gain equations was also carried out, since solar heat gain has resulted in some discrepancy between the two standards when calculating the ampacity of the line. As mentioned in Section 2, the CIGRE standard outlines two formulas which can be used depending on the available information provided by specialised equipment. The base case conditions outlined in Table 1 have been used for the analysis. Therefore, in these simulations basic CIGRE formula has not been used, since global solar radiation data was not provided, and it was considered more beneficial to test the respective complex processes outlined in both standards. The complex solar heating formula of the CIGRE standard has depicted a value of 20.25 W/m, which is significantly different compared to the IEEE standard.
Comparison of Solar Heat Gain: Ampacity and Elevation
Conductor elevation directly affects the solar heat gain in line rating models, and hence its impact was analysed while increasing the conductor elevation from 0 m to 1600 m from sea level. Figure 6 depicts the overall effect of conductor elevation with regards to ampacity.
As illustrated in Figure 6 at each of the three wind speeds, a linear downward trend can be observed. The variation of conductor elevation affects two major parameters. The elevation of the conductor directly decreases the relative air density surrounding the conductor, which has a direct negative impact on the convection cooling of the conductor. At a higher elevation, the effect of the solar radiation increases due to the solar heat multiplier. The average difference between the two standards with changing elevation was found to be 10. The comparative analysis indicates that the IEEE and the CIGRE equations produce almost similar conductor ampacity ratings, when the influence of the roughness factor is ignored. In addition, major variations between two standards are also resulted in due to the solar heat gain calculation, which has shown substantial variations in their final ampacity values. However, the highest difference is around 10%, and for the further studies the IEEE standard has been used.
Sensitivity Analysis
A sensitivity analysis was carried out on IEEE equations in order to determine the major contributing factors for the transmission line ampacity. The following formula has been used to calculate the overall percentage change of the ampacity when compared to base case conditions. Wind angle indicated the highest overall percentage change at each wind speed in comparison to the other parameters. The overall percentage change for wind angle at 8 m/s was 24.13%, which is significantly higher than the other parameters. Conductor elevation proved to have the least impact on the overall ampacity when increased from 0 m to 1600 m with the maximum change is only -7.11%. This downward trend was witnessed at all wind speeds and this is related to the increasing rate of solar heating at high temperatures. Moreover, it has been observed that the elevation of the conductor has a greater impact on solar heating than on convection cooling.
Ambient temperature and cable diameter showed similar absolute ampacity changes at all wind speeds. As expected, the ambient temperature has indicated a downward trend as the ambient temperature increased from 10°C to 50°C. This is related to the fact that radiated cooling and convection cooling is directly related to the difference between conductor and ambient temperature. As this difference becomes smaller, the rate at which the conductor can remove heat has decreased. The cable diameter showed an opposite trend, as the rate of convection cooling and radiated cooling increase due to the diameter of the conductor.
Furthermore, sensitivity analysis has indicated that at higher wind speeds, the variation of these parameters has a lesser effect than at lower wind speeds. It should also note that at higher wind speeds, the dynamic line rating is less affected by other factors which could result in a more stable ampacity value. Typically, wind speed is highly variable, and a consistent wind speed is very unlikely. However, sensitivity analysis has shown that with the abundance of high wind speed, convection cooling is at its highest and does in fact drive the ampacity of the line.
Case Study: Feasibility of DLR in Wind Rich Power Networks
The New England 39 bus system was utilised in order to analyse the performance of the DLR during high wind conditions. The simulated system is comprised of five regions, in which 
Determining Suitable DLR Candidates
Two static tests have been performed during high wind conditions in order to determine transmission lines suitable for DLR implementation. The first test was conducted by incrementally increasing the power output of an individual wind farm installed at each of the buses in Area 1, while the second test was performed by incrementing the power output of all wind farms at the same time. The algorithm was coded in DIgSILENT DPL in order to determine the number of overloading incidents for each line for a given loading condition:
Overloading incidents for line i The results of the two tests at 100% and 80% were collated together, in order to see which lines in the network are susceptible to overloading at their current static rating. It should be noted that lines with only significant number of overloads are shown in Figure 8 .
Line 3-18 has indicated the highest number of overloading incidents, with a total of 39 in test 1 and 9 in test 2 at 100% load demand. At 80%, the number of overloading cases has been increased with a total of 192 for test 1 and 32 for test 2. It is in light of this point that line [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] was the first to be chosen to implement the DLR. This line has a base case ampacity of 0.5 kA with a resistance of 0.11 Ω/km. The remaining two lines chosen for DLR implementation are lines 17-18 and 17-27. Line 17-27 was chosen due to its relatively high overloading incidents with a total of 139. It was also sited in close proximity to line 3-18. Line 17-18 was chosen as an outlier, since its overloading incidents was much less than the other two lines. The ampacity values for these two lines were 0.5 kA and 1.6 kA with resistances of 0.13 Ω/km and 0.07 Ω/km respectively. Although, line 2-25 has indicated high overloading incidents due to local wind generation that has been ruled out due to practical reasons, since wind generation is very unlikely to site in close proximity to conventional generation.
The overall overloading incidents have been increased when the load demand was scaled down from 100% to 80%. For example, in test 1 at 100% loading, three lines showed a total of 81 overloading incidents, and in contrast, at 80% loading the number of overloading incidents has been increased by a factor of four, with a collective total count of 325 overloading incidents. This can be linked to the fact that when load demand is scaled down, the excess power within area 1 increases, since wind generation remains unchanged. This results in a large number of overloading incidents in certain lines in the network, in particular at main export corridors of the network. For example, line 1-2 showed no overloading incidents for test 1 at 100% load demand, however, at 80% load demand a number of overloading incidents have been reported as it is the main export corridor to other regions of the New England (NE)-39 bus system.
Estimated Dynamic Line Ratings with Varying Wind speed
The dynamic line ratings for transmission lines 3-18, 17-27 and 17-18 determined using the IEEE standard. The rated ampacity values of the original NE-39 bus system were used as base conditions at an assumed ambient temperature of 25°C. Table 3 lists the assumed ideal conditions, which would be the base values at which all resistance and diameter values are calculated. Table 3 also outlines the current Australian Energy Market Operator (AEMO) rating standards [21] and they have been utilised to test the DLR performance during summer, winter and spring months. The middle date of each season was used to determine the solar heating. The maximum allowable temperature of the transmission line was assumed to be 80°C when it carries its full rated capacity for seasonal conditions. This was kept constant for all conditions, including the ideal conditions with an ambient temperature of 25°C. The dynamic ratings of line 3-18, 17-18, and 17-27 were calculated at each wind speed provided by the power versus wind speed curve of the GE 1.5 MW wind turbine [20] . Figure 9 depicts the relationship between wind speed and ampacity for each of the four seasonal conditions for line 3-18.
As expected, due to high ambient temperature difference, the ideal condition has indicated the greatest variation in the ampacity at all wind speeds. This was followed by winter, spring and summer due to the decreasing difference between the ambient and the conductor temperature.
Although solar heating is different from one season to another, it has indicated a minimal impact on the overall ampacity of the line due to high convection cooling during high wind conditions. This correlates with the results of the sensitivity analysis of the IEEE standard (Section 4).
Applying DLR to the lines -Ideal Case
Five buses (i.e. buses 3, 18, 17 and 27) were chosen to have wind farms and their locations were based with respect to transmission lines 3-18, 17-18 and 17-27. Bus 1 was chosen as it has the highest overloading incidents, in particular, with line 3-18. For the tests to follow, all possible combinations of wind farms were tested at each of the dispatch power levels shown by the power versus wind speed curve of the wind turbine [20] . Similar to that in Section 5.1, a transmission line was considered overloaded if the magnitude of the current through the line exceeds the nominal ampacity of the line. The overall overloading incidents for each of these lines were first tested without DLR, at 100% and 80% loading. Figure 10 depicts the total overloading incidents of the lines without implementing the DLR.
It can be seen that line 3_18 depicts the highest prevalence of overloading with total incidents of 94 cases at 100% load and 248 cases at 80% load. Line 17-27 has indicated the second highest overloading incidents with 25 cases and 131 cases at 100% and 80% loading respectively. Finally, line 17-18 has indicated 7 and 230 line overloading incidents at 100% and 80% load demand respectively. Therefore, these lines are suitable candidates for DLR implementation.
The calculated dynamic ratings for lines 3-18, 17-18 and 17-27 were then applied to the network in order to analyse the impact of DLR on line overloading. In this analysis, all
combinations of wind generators were tested assuming ideal wind conditions (i.e. wind speed at the wind generator was same as at the transmission line).
At 100% load demand, all three lines indicated no overloading incidents when DLR was applied. However, at 80% load demand two lines have considerably overloaded (see Figure 11 ). respectively. At three seasonal conditions the reduction for these lines was not as pronounced.
As expected, overloading incidents for all three transmission lines from summer to winter did decrease due to the greater difference between transmission line conducting temperature and ambient temperature. However, there are some significant differences between ideal and winter conditions, which could indicate a highly conservative assumption for the average ambient temperature during the winter months.
Applying the DLR with Wind Gradient along the Line
The DLR system implemented in the NE-39 bus system was reapplied assuming more realistic wind conditions at transmission lines. The line ratings at 2 m/s, 6 m/s and 9 m/s were determined and then assigned to the lines statically to simulate the possibility of varying wind speed across the line, and also different wind speed to that occurring at the wind turbine itself.
The ratings were determined again at ideal, summer, winter and spring seasons, in order to obtain a more accurate representation of the performance of DLR on such system. The study has also analysed 100% and 80% loading scenarios in order to make a comparison with previous tests. Table 4 depicts the calculated ampacity at an ambient temperature of 25°C. Figure 12 , depicts the overall overloading incidents for transmission line 3-18 after assuming wind gradients of 2 m/s, 6 m/s and 9 m/s.
As illustrated in Figure 12 , line overloading incidents for line 3-18 has significantly decreased. For example, when 2 m/s wind speed was assumed it has indicated a total of 63 overloading incidents for summer conditions which is a significant improvement compared to no DLR scenario. This highlight the fact that if multiple wind speeds were considered along a line even at wind speed of 2 m/s, there will be a significant improvement in the line ampacity, and hence allow more power to be dispatched safely without the need for wind power curtailment.
The ideal and winter ambient conditions proved to be the most effective when 9 m/s was assumed at the line. Summer and spring conditions have shown overloading incidents at 9 m/s, while indicating the necessity for a more conservative assumption with regard to ambient temperature.
The combination of wind farms operating in the network is a significant factor for line overloading. When wind generators were connected at buses 17, 27 and 18, line overloading incidents were still reported at 9 m/s. This demonstrates the fact that performance of the DLR will vary greatly depending on the location and power dispatched from wind farms.
Power Loss Reduction using DLR
The dynamic line ratings calculated in Section 5.2 for lines 3-18, 17-27 and 17-18 at varying wind speeds were applied to the network in order to observe the percentage improvement in power losses for area 1. Similar to previous analysis, ideal, summer, spring and winter weather characteristics as outlined in Table 3 have been used, while every combination of wind farms on buses 1, 3, 18, 17 and 27 have been analysed. Optimal power flow algorithm in the DIgSILENT Power Factory has been utilised in order to determine the power loss improvement. In addition, a number of different combinations of transmission lines were analysed in order to determine the optimal combination. The effect of DLR on overall system losses was analysed through its implementation on individual lines. Initially, ideal wind conditions were assumed whereby the wind speed at the wind farm was also assumed to be experienced at the transmission line. The results represent 100% load demand scenario. Figure 13 depicts the overall variation of network power losses when DLR was applied to transmission line 17-27.
Of the three lines chosen for these tests, line 17-27 proved to have the highest positive impact on the overall power losses within the system. As it can be seen, even at a dispatch power of 0 MW (which is equivalent to 3 m/s and is considered the cut-in speed), the overall system losses have indicated a minimum improvement of 3.5%, which was found during the summer months.
At maximum dispatch power, hence at highest wind speed, the power losses have improved by 6% at ideal weather conditions. This is due to the fact that minimal difference in ambient temperature used to calculate the seasonal rating conditions, hence the overall percentage change between them was minimal; however, an overall improvement can be seen for transmission line 17-27.
In comparison to other tests performed, the overall impact of applying DLR to line 3-18 was minimal, in fact it has increased the overall power losses within the system by approximately 0.2% at ideal conditions. This line may not be considered as a fundamental pathway within the network when power is to be exported to other regions of the network. This was an unexpected result, as it has indicated the highest overloading incidents from the tests performed in Section 5.2. By comparing these results to those found in the initial OPF tests, a generator on bus three proved to have a large impact on power losses, thereby applying DLR to this line would not improve the overall losses in the system. Figure 14 depicts the change in power loss when DLR was applied to line 17-18 only. As can be seen, the overall effect at any of the rating characteristics was minimal with an overall improvement of just under 0.1% at ideal conditions.
The results indicate that all lines do not have the same effect on reducing system power losses. The overall effect would be determined by the overall position of the transmission line in the network and also the overall position of the wind generator in relation to the dynamically rated transmission line. This highlight the fact that initial investigations are of paramount importance when determining the suitable DLR candidates to minimise energy losses in the network.
In addition, further investigations have been carried out with regard to system energy loss reduction while assuming line 17-27 is equipped with DLR capability. It is assumed that the annual wind power production of the wind farms is distributed according to the Weibul distribution. Therefore, according to energy loss analysis it has shown that 3.52% reduction in annual energy losses by utilising DLR capability in line 17-27.
Conclusions
This study has investigated the differences between the IEEE and the CIGRE line rating standards for calculating the current carrying capacity of overhead transmission lines. It has been determined that the convection cooling and solar heating calculations lead to major differences between two standards. In particular, the roughness factor used in the CIGRE standard causes a significant difference between the two line rating models, in particular during high wind conditions. The sensitivity analysis performed on the IEEE standard concluded that wind speed has the greatest impact on the final ampacity of a transmission line with an overall change of 115% when compared to base case wind speed condition of 0.5 m/s. The effect of wind speed was also directly related to the attack angle. These two components of the convection cooling equation will influence each other, while the greatest impact of wind speed occurs at an attack angle of 90 .
When DLR was applied to the New England 39 bus system, improvements have been shown with regard to overall line overloading incidents as well as in network power losses. In relation to DLR implementation, this study proves the fact that the DLR can be successfully implemented in order to mitigate congestion in rural transmission corridors as a result of high wind power penetration. Furthermore, the energy that could be saved per year could further justify the installation of DLR systems to existing transmission system infrastructure with high wind power penetration.
